A combinatorial synthetic methodology based on evaporation sources in ultra-high vacuum has been used to directly synthesise compositional gradient thin film libraries of the amorphous phases of GeSbTe alloys at room temperature over a wide compositional range. An optical screen is described which allows the rapid parallel mapping of the amorphous to crystalline phase transition temperature, and the optical contrast associated with the phase change, on such libraries. The results are shown to be consistent with the literature for compositions where published data are available along the Sb2Te3-GeTe tie line. The results reveal a minimum in the crystallisation temperature along the Sb2Te3-Ge2Te3 tie line, and the method is able to resolve subsequent cubic to hexagonal phase transitions in the GST crystalline phase. HT-XRD has been used to map the phases at sequentially higher temperatures and the results are reconciled with the literature and trends in crystallisation temperatures. The results clearly delineate compositions which crystallise to pure GST phases, and those which co-crystallise Te. High throughput measurement of the resistivity of the
INTRODUCTION
Chalcogenide materials for data storage applications, both for optical storage media 1 or the next generation of RAM and Flash ® memory applications 2 , rely on the thermally induced phase change between the amorphous and polycrystalline state in a small volume of the material. Characterisation of the basic amorphous to crystalline phase changes in new ternary or quaternary materials is a prerequisite for the further screening and optimisation of the material for the various storage configurations. This will require the determination of figures of merit for resistivity, electrical switching characteristics, time responses or reflectivity change and optical absorption characteristics depending on the specific application or technology. These parameters are critical for optimizing switching speed and power consumption. The need for high data density means that the properties of very small volumes are crucial, hence favouring studies of thin films of a similar thickness to real device applications as a primary screen for establishing their intrinsic properties. We present here a combinatorial synthesis and an associated primary high throughput screening methodology for rapid identification of promising compositions. We also briefly describe the associated characterisation methods and highlight the potential of the synthetic method for further primary and secondary screening, comparing it to approaches previously applied to sputtered materials [3] [4] .
In the past, amorphous compositions of chalcogenide materials have been investigated through the sequential synthesis of the bulk material by conventional glass melting techniques; sealing the constituent elements in ampoules, heating and homogenizing and subsequently quenching to produce the glass 5 . Typically, differential thermal analysis (DTA) combined with X-ray diffraction allows identification of the phase transition. There are many properties which must be optimised to synthesise a useful phase change material, while at the same time significant changes in performance can be observed with small compositional variations. However, chalcogenide-based phase change materials lend themselves to high-throughput synthesis and screening through a compositional spread approach that is applied to thin films of the material. In the past, compositional ranges of GeSbTe synthesised using multiple target sputtering onto a SiO2 on Si substrate were limited to relatively small compositional ranges; within approximately 6 at.% of the well characterised Ge2Sb2Te5 eutectic composition 3 and more recently to around 10 % variation for four compositions of interest along the Sb2Te3-GeTe tie line 4 . The experiment though limited in the compositional space explored, demonstrated the efficiency of high throughput secondary (sequential) screens 6 to characterise the write/erase time and crystal structure dependence on composition. More recently, sequential deposition using a shutter system to periodically deposit thin films of various elements to create a layered structure has been used to synthesise GeSbTe thin films 7 . The material was subsequently annealed to allow the constituent atoms to mix and produce the crystalline alloy phases.
We have applied a synthesis based on a high throughput physical deposition (HT-PVD) method 8 which can produce high purity, equilibrated and non-equilibrated solid state thin film libraries. The method allows the simultaneous and controlled co-deposition of the atomic elements on a substrate through evaporation to yield a pre-determined wide or narrow compositional spread of material as a function of array position. For each location, the resulting composition is the normalised sum of the constituent elements co-evaporated simultaneously for a given time. The composition of GeSbTe only varies as a function of (x,y) position and is constant through the thickness of the film. We have used the synthesis to directly produce the amorphous phases of the ternary system through deposition on a substrate at room temperature. In order to demonstrate the synthetic method and subsequent primary screen, we present results for a wide compositional spread, covering 50 to 55% of the phase diagram, of the ternary GeSbTe chalcogenide alloy system which has been investigated extensively because of its use in optical data storage applications [9] [10] [11] [12] . A set of fundamental experiments comprising of optical reflectivity, X-ray diffraction and conductivity as a function of, both, temperature and composition has been carried out on the thin films and forms the basis of the primary screen of thin films within this compositional space. For this system, we have characterised the optical changes of the thin films as they are annealed from room temperature to 400 °C, linked these changes to the amorphous to crystalline phase transition, and in so doing generate compositional maps of the crystalline transition temperatures (Tc) and the magnitude of the normalised changes in reflectivity (ΔR/R0). The importance of Tc in a primary screen is that this figure of merit reflects the balance between the potential stability of the amorphous phase (and hence the robustness and longevity of data storage) and the potential power requirements for switching. In addition, automated XRD studies for thin films in the as deposited state and after annealing at 150°C, 200°C and 300°C are shown providing direct evidence of crystallisation and phase mapping of the crystalline phases.
Finally, resistivity studies for thin films in the as-deposited (amorphous) and annealed (crystalline)
state are also presented. The optical (ΔR/R0) and electrical (ΔRE) contrast associated with the phase change reflects the potential dynamic range accessible for data storage, and the possibility of storing multiple bits through partial phase change. The data sets produced from this primary screening of materials is intended to provide the basis for the selection of compositions which will exhibit the switching contrast necessary for effective storage, remain stable at operating temperatures without the need to excessive powers for switching or reset, and will remain stable during operation without phase separation. The GeSbTe compositional spread investigated includes those materials that have been extensively characterised and reported in the literature to validate the approach, and is extended to a wider range of compositions.
EXPERIMENTAL
Details of the HT-PVD system and the synthetic method used to produce compositionally varying thin film materials has been described in detail elsewhere 8 solution of ethanol absolute in deionized water and 10 min in iso-propanol absolute. Clean substrates were dried in a flow of nitrogen.
The thin film deposited were either continuous films of dimensions 28x28 mm 2 centred on the substrate or (for optical profilometry measurement of thickness) on an array of discreet fields using a shadow mask; In the case of the discreet fields, we have used a matrix of 10 x 10 fields each of 1.2 x1.2 mm 2 and with a pitch between fields of 2 mm. In the case of continuous films, the analyses were done using either a 12x12 matrix with a 2 mm pitch, or a 23x23 matrix with a 1 mm. In both cases this covers an area of 22x22 mm 2 .
The compositional spread covered by each sample was measured by Energy Dispersive Spectroscopy using an Oxford Instruments EDS system on a JEOL JSM-5910 SEM with an automated stage to allow for programmable analysis of the sample. A 12x12 macro with a pitch of 2mm between fields was used. This 12x12 was interpolated to a physically equivalent 23x23 array with a pitch between fields of 1mm to map the resistivity and XRD data. For a given compositional spread investigated several samples (referred as a set) were synthesised to be able to carry out all the necessary measurements.
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The synthesis conditions for each sample within a set were kept identical and EDS was performed on the first and the last sample of each set in order to ensure the desired compositional spread was covered.
A sample with discreet fields was prepared within each set under identical conditions to those used for the rest of the set. This sample was subsequently covered by a uniform layer of Sb, this providing a layer of equivalent optical properties across the whole sample. The thickness was then measured on a Veeco WYKO NT-1100 optical profilometer with a vertical resolution of 0.3 nm using an automated macro. Due to the array dimensions described above, the resulting thickness map corresponded to the 18x18 mm 2 area and needed to be extrapolated to the larger 22x22 mm 2 area of the continuous film to have thicknesses for this area which could be used to calculate the resistivity of the thin films. The extrapolation was done using a quadratic function. The data was subsequently interpolated to convert the 12x12 into a 23x23 matrix with a 1mm pitch to match the XRD and resistivity data.
A purpose-built apparatus (see supplementary information) was developed to measure changes in optical reflectivity in real time on a compositional spread thin film sample as a function of temperature. In the case of phase change memory materials (and indeed a range of other amorphous materials and glasses 13 an off-axis CCD camera (Lumenera Infinity 2-1M) is used to record images of the sample at set time intervals of 12s thus providing one picture per degree. The highest spatial resolution achieved over the sample library, and hence the compositional resolution of the measurement, is determined by the number of pixels (1392x1040) of the image frame. In the present study we have averaged the intensities of the pixels to increase the signal to noise of the reflectivity measurement, measuring at an effective resolution of a 120x120 matrix over the 22x22 mm 2 area of the library.
X-ray diffraction was performed after synthesis on the 23x23 matrix , and following annealing to Figure 1A ), the EDS data can be confidently interpolated in order to yield a composition for a higher resolution screening measurement on a finer matrix. However, calculating relative atomic percentages of relatively thin films (<100 nm) can lead to an increase in the standard deviations observed. This can cause larger variations in compositions, especially when interpolating a 12x12 library to a higher number such as the 23x23 and 120x120
used in the present work. To improve on compositional accuracy, the calculated 12x12 compositional data was smoothed by applying a weighted nearest neighbour averaging for each elemental 12x12
matrix. Then the EDX data was interpolated from a 12x12 matrix to a 23x23 matrix and a 120x120
matrix. The 23x23 matrix, which corresponds to a pitch between measurements of ca.1 mm, provides a reliable composition for the XRD and the resistivity measurements: These have been carried out on a finer matrix with measurement points separated by ca. 1mm appropriate to the probes spatial resolution. The 120x120 matrix was used for the analysis of the optical data. Figure 1C shows the thickness distribution as a function of composition across the library. The minimum thickness is 50nm for Ge4Sb41Te55, and the maximum is 224nm for Ge12Te88. The variations in thickness are due to the synthesis method and are inherent to the use of three off axis source with our wedge growth method 8 .
The crystallisation temperature (Tc) and the relative change in optical reflectivity (DR/R) associated with crystallisation were investigated using HTOMPT. Reflectivity changes [14] [15] (and indeed changes in resistivity 16 ) associated with a phase transformation when driven by a linear ramp in temperature typically exhibit a sigmoidal function. The inflection of the sigmoidal curve corresponds, for the amorphous/crystalline transition, to the temperature of the fastest rate of crystallisation at the applied heating rate. For a process of homogeneous nucleation and growth under thermal equilibrium, the temperature of this maximum crystallisation rate is proportional to, and very close to (for practical heating rates) the crystallisation temperature Tc. Similar curves for glass transitions are traditionally obtained in differential scanning calorimetry (DSC) or differential thermal analysis (DTA) where the maximum in the rate of crystallisation is associated with the peak maximum in the derivative of the DTA curve (DDTA) 17 . This approach has been applied previously for single composition thin films of GeSbTe of comparing Tc for various GeSbTe compositions 15 . In the HTOMPT measurement, each pixel of the image corresponds to the intensity of the reflected light at a defined composition of an initially amorphous thin film. To extract the inflection point associated with the transition (and hence Tc) during the non-isothermal measurement, the measured reflected intensity (I) is normalised to the intensity of reflected light (I0) in the initial amorphous phase, since each amorphous composition reflects the light differently. Practically these values of reflected intensity are averages over a defined number of pixels corresponding to a finite (and small) compositional variation in the film. Examples of the measured curves (I/I0) for some fixed compositions can be found in Figure 2B . In these experiments, the temperature of the compositional gradient thin film library was increased from room temperature to 400°C at a linear heating rate of 5°C min -1 . The sample was protected from thermally induced oxidation / reaction using a constant flow of Ar over the sample. Images were recorded at 12s time intervals, corresponding to a reflectivity measurement every 1°C. The recorded film at an accelerated speed of 25x for a library is shown in the Supplementary Material. The time dependent images are processed to extract, in the first instance, the relative change in optical reflectivity (I -I0) in a 120x120 matrix of compositions over the 22x22 mm 2 area of the library. The HTOMPT data relies on a direct correlation between the changes in optical reflectivity and changes in the material's phase or crystal structure. In the case of chalcogenide alloys, such a direct correlation is well established and forms the basis of optical data storage 18 . Furthermore, XRD data obtained on our libraries at various temperatures confirmed that the initial increases in reflectivity (and sigmoidal curve) were associated with the amorphous/crystalline phase change. Note that there is consistently a decrease in reflectivity observed at higher temperatures following crystallisation: We associate this with morphological changes (or for some compositions, compositional changes) in the thin film above ca. 350°C.
The time lapse images from HTOMPT of the non-isothermal crystallisation measurements are used to extract Tc as a function of composition ( Figure 2A ). The transition temperature Tc was calculated from the sigmoidal temperature dependence curve (I-I0) using a derivative method. Some examples of the reflectivity changes (I-I0) and its first derivative versus temperature are shown in Figure 2C .
The first and second derivatives of the data were calculated. The identification of a phase transition, and the associated maximum rate of crystallisation (and hence Tc) was achieved by setting the condition that the first derivative had to cross a threshold value, and the second derivative had to become zero. This approach works well for identifying the first transition (amorphous to first crystalline state) in a completely automated manner. In GeSbTe, a second transition is often observed, and usually associated with a cubic to hexagonal phase transition 19 , identifying it using an automated algorithm proved difficult to implement as the magnitude, duration and position of the second transition with respect to the first transition was too variable. For this second transition, to date, only a manual analysis of the data leads to a correct estimate of the second transition temperature.
The optical contrast associated with full crystallisation (to the highest temperature) was also extracted from the time lapse images of the non-isothermal crystallisation measurements, and this compositional dependence is shown in From the ternary compositional dependence of TC (Figure 2A ), the minimum value of TC was found to be 115°C for the Ge7Sb36Te58 composition, close to Sb2Te3 (TC = 100 °C) 15 . Moving away from this composition the transition temperature gradually increases. The pseudo-binary tie-line joining GeTe to Sb2Te3 (indicated in Figure 2 ) has been traditionally extensively studied for two reasons: Firstly it links two stable binary alloys existing in the ternary space, and secondly its choice was driven by the fact that compositions along the tie line have a "facility for rapid crystallisation" 21 . Few studies have explored compositions outside the tie line; Krysta et al. 3 have deposited, by sputtering, compositions around known metastable GST compounds but did not report crystallisation temperatures, whilst Yamada et al. 21 indicate that the tie-line represents a valley of lowest crystallisation temperature (on the basis of a few points outside the tie line), with Tc ranging from 100 °C to 150 °C for compositions between Sb2Te3 and Ge2Sb2Te5. In our study, we have found, along the Sb2Te3-GeTe line (within ±1 at%) the Tc increasing from 117 °C to 168 °C for the compositions covered in this GeSbTe library.
These crystallisation temperatures shown in Figure 2 have been projected onto the Sb2Te3-GeTe pseudo-binary tie line in Figure 4 , and compared to the published data: The values of TC extracted from HTOMPT are, within experimental error, consistent with the literature [22] [23] [24] 26 . Furthermore, due to the nature of the crystallisation process, the heating rate used slightly influences the measured crystallisation temperature [27] [28] .
From the whole dataset of TC presented in Figures 3A the "valley" of lowest TC in fact appears to follow the Sb2Te3-Ge2Te3 pseudo-binary line. Extracting data along this tie line (within ±1 at% of 60 at% Te) TC increases from 125 °C to 150 °C. This is shown in Figure 5C (blue points), and corresponds to the first (lowest temperature) observed crystallisation event in the HTOMPT measurement. It is evident, however, that a second transition can be observed in the HTOMPT measurement at a higher temperature ( Figure 2C ). The temperature associated with the second apparent phase transition is also plotted in Figure 5C (red points): A compositional dependence of this transition in the range 280°C to 210°C is observed. In order to assign the first and second phase transitions plotted in Figure 5C , one can refer to the compositional dependences of the phases observed in XRD after annealing at various temperatures (Figure 7) . At 150°C the amorphous phase has crystallised to the cubic GST phase along the Sb2Te3 -Ge2Te3 pseudo-binary line: TC ( Figure 5C , blue points) is therefore associated with the amorphous to cubic GST phase transition. In order to assign the second observed transition ( Figure 5C , red points), it is important to note that the Sb2Te3-Ge2Te3 pseudo binary line delimits compositions (higher Te compositions) which also crystallise Te together with the crystalline GST phases with regions (lower Te compositions) crystallising to exclusively GST phases (Figure 7) . At 200°C only the cubic GST is observed, while at 300°C the hexagonal GST phase is evident: We therefore assign the second observed transition ( Figure 5C , red points) to the GST cubic to GST hexagonal transition. In order to confirm this, and rule out the possibility that small amounts of excess Te are responsible for the second phase transition along the tie line, the HTOMPT result for a slightly Te rich composition Ge13Sb23Te64 (identified in Figure 2A ) is shown in Figure 5A 19 . For compositions between these two, towards the middle of the tie line (Ge1Sb2Te4, Ge2Sb2Te5) the second transition is less distinct and close to the first amorphous/crystalline transition. Figure 6 shows the variation of the first transition temperature TC (associated with crystallisation from amorphous to cubic GST) as a function of the tellurium concentration for three different ratios of antimony to germanium. It can be seen that the three ratios present a minimum at around 60 at% Te, the value of the minimum and the overall data shown is lower for the highest Sb to Ge ratio and increases as the ratio decreases and that the lowest transition temperature sits in a deeper and narrower range of Te concentration in the case of the lowest Sb to Ge ratio. These trends in TC for crystallisation into the cubic GST structure can be compared to the compositional dependence of crystallisation of GeTe 14, [29] [30] . The results of Raoux et al. 30 (obtained by measuring the drop in resistivity in thin films) and Carria et al. 14 (obtained from observing changes in reflectivity of thin films) are also plotted in Figure 6 , and show a broad minimum in the crystallisation temperature centred at the cubic GeTe compound. These results are consistent with our GST compositional dependencies which also exhibit a broad minimum around 50 at% Te, with the addition of Sb to generally lower this minimum, and in addition introduce a narrower minimum in TC which in the limit of zero percent Sb corresponds to the Ge2Te3 composition.
X-ray diffraction was performed at room temperature, on the as-deposited library, and on the same The diffractograms obtained from XRD measurement on the as-deposited sample (not show) reveal a library of amorphous materials over the entire compositional spread: the low energy evaporative PVD synthesis with the substrate at low temperature favours the formation of non-equilibrium phases. Lebaudy et al. 5 reported only relatively small amorphous zones for the GeSbTe system when quenching a bulk sample from melt, but these zones were extended by vapour deposition of thin films. Further studies have shown that amorphous regions have been reported for most of the compositions previously studied and in particular the compositions along the Sb2Te3-GeTe tie-line 39 . In additional thin film libraries made using our synthesis method, only compositions close to Sb2Te3 have been found to be crystalline in the as-deposited state: Slight deviation from this composition and the material was always amorphous.
The results of the crystallographic analysis following annealing to 150 °C are shown in Figure 7A . It shows that most of the compositional space remains amorphous and that a region of the GST thin film library has crystallised to mainly the cubic GST phase (Space Group #225, Fm-3m), with a smaller proportion to the hexagonal GST phase (Space Group #164, P-3m1). This region of crystallisation is centred primarily along the Sb2Te3 -Ge40Te60 tie line. There are also some fields which appear to have both the cubic and hexagonal phases in co-existence. This region of the library exhibiting crystallinity at 150°C ( Figure 7A ) is similar, but slightly broader, than the region where optical changes have been observed in the HTOMPT experiment at 150°C (Supplementary Materials). This is also reflected in the compositional dependence of TC, which shows a slightly smaller region of materials with a crystallisation temperature below 150°C (Figure 2A ). This slight difference in the extent of crystallisation in the library (when comparing TC and XPS) is understandable because of the dynamic nature of the HTOMPT measurement from which TC is extracted, the static (long term)
annealing in the XRD measurement, and the heating rate dependence of the crystallisation process.
In addition, the lower compositional resolution of XRD resulting from the X-ray spot size also broadens the boundary between the amorphous and crystalline phases. Nevertheless, the HTOMPT measurement indicates that the first crystallisation along the Sb2Te3-GeTe tie line always occurs below 150°C ( Figure 5C ) showing consistency with the XRD phase map at 150°C ( Figure 7A ) and allowing the assignment of this HTOMPT transition to the amorphous to cubic GST phase transition).
The cubic GST phase identified in the phase diagrams does not distinguish between the very small variations in the lattice (and hence diffractograms) expected 40 in the rock-salt structure and associated with changes of site occupancies and vacancies 41 . This may be associated with the loss of Te at these temperatures. This renders the analysis of the XRD data quite difficult, nonetheless diffraction patterns attributable to Ge (space group 227, Fd-3m) and GeTe (space group 225, Fm-3m) have been identified. However, the full phase diagram at this temperature cannot be drawn with confidence. Since there are large regions in the GST library at 300°C which exhibit mixtures of the cubic and hexagonal phases, it is likely that the thin film system does not represent a fully equilibrated system. This is due either because of a slower kinetics in the crystalline to crystalline phase transition, or inhomogeneity of the thin film system associated with interfacial interactions (pinning). Since we can clearly identify in HTOMPT a phase transition associated with the cubic to hexagonal phase transition (Figure 2 and Figure 5C ) in regions of compositions where the cubic and hexagonal phases can be in co-existence ( Figure 7C ), we favour the latter explanation for the apparent non-equilibrium of the thin film. Nevertheless, the phase diagram at 300°C ( Figure 7C ) is in reasonable agreement with those obtained from bulk samples.
The main differences with respect to the work of Labaudy et al 5 is that we are not able to confirm the existence of the Sb2Te3 + GeTe + Ge and Sb2Te3 + Sb + Ge mixed phases reported for compositions close to the Sb2Te3 because the library do not cover this region. Legendre et al. 42 have drawn several isothermal sections of the GST system, focussing on the GeTe-Sb2Te3-Te corner, and our data at 300 °C is in good agreement with their section at 328°C.
The electrical sheet resistance was measured at room temperature by 4-point probe, on the as sharp decrease in resistivity around the crystallisation temperature, followed by a smaller gradual decrease in resistivity as the temperature is increased further, in agreement with the published data 30, 40 .
Annealing the library from 200°C to 300°C also results in the portions of the sample which have not yet crystallised to exhibit a slight increase in resistivity. This is believed to be due to the "nonequilibrium" nature of the material synthesised during the deposition, and may be associated with the pre-structural ordering (incubation) which has been shown to be a pre-requisite for very highspeed reversible switching 43 . Materials that have been newly sputtered exhibit non-equilibrium behaviour and this results in production phase change memory cells undergo a "burning in" phase,
i.e. initialization through cycling 44 . Our resistivity values for the as deposited amorphous phases are larger than those reported in the literature for the room temperature measurement by one order of magnitude, a difference within the variation shown by Sarkar and Gleixner 44 which can also be explained by the nature of the synthesis method used. As expected, once crystallised the resistivity of selected compositions within the sample are in good agreement with published data. Resistivity values have also been extracted for the four compositions of interest along the Sb2Te3-GeTe tie-line (see Table 1 ).
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Annealing to 400 °C results in full crystallisation of the library with the resistivity dropping across the entire sample. The region of lowest resistivity ( Figure 8D ) coincides closely to the region of lowest crystallisation temperatures (Figure 2A ). The Te rich corner of the sample annealed to 400°C exhibits a relatively large resistivity, especially when compared to the measurement performed on the sample annealed to 300°C: The sample exhibited some irreversible morphological changes for the Te rich corner on annealing to 400°C and it is likely that these physical changes are the source of the observed increase in resistivity. As mentioned previously and although not measured quantitatively, the changes seen are probably accompanied by a loss of Te for regions containing excess Te.
An important figure of merit for candidate phase change memory materials for RAM applications is the difference in the resistivity between the amorphous and the crystalline state: The resistivity contrast during the phase change. Figure 9 is a colour map of (rRT /r300), a measure of the resistive contrast between the amorphous phase and the crystallised phase after annealing to 300°C. The key figures of merit for the intrinsic property of a material suitable for phase change memory (PCM) applications are archival stability, reflected in the stability of the amorphous phase, the write and erase times, associated with the rate of amorphisation and crystallisation respectively, and the longevity of the reversible switching behaviour, requiring a pure crystalline phase without phase separation on repeated melt/quenching to the amorphous phase. Additional refinements are necessary to understand and optimise the switching behaviour in a confined thin film memory node, such as the modification of the re-crystallisation rate in a crystalline matrix or by nucleation at other interfaces (thickness effects). In the case of optical phase change memory applications, the optical contrast between the two states is also a key figure of merit, as is the electrical contrast for electrical memory applications. The set of primary screens described here allows the initial selection of improved materials for these memory applications based on a primary screen of their intrinsic materials behaviours in thin film form.
An indicator of the potential archival stability of the amorphous material, and the power requirement for electrical switching (SET), is given by the temperature of crystallisation TC. For example, the amorphous phase must be stable for 10 years at about 100°C (a typical industry benchmark), and for automotive applications stability over 10 years at 150°C is required. 46 For any class of materials, in the case of homogeneous nucleation, there is a close relationship between Tc and the melting temperature TM 47 so a measure of Tc also reflects on the temperature and hence power requirement for melt/quenching (RESET) in phase change memory applications. In addition, the resistivity of the amorphous and crystalline phases determines the voltage/current characteristics of the SET and RESET operations, which determine energy consumption important in portable applications and "green" data storage. 48 The resistive contrast between the amorphous and crystalline state allows the state of the memory to be distinguished in the READ operation. Reliable and fast phase change materials suitable for memory applications are also characterised by systems that do not allow phase separation, i.e. compositional segregation during crystallisation from the amorphous phase. The high throughput phase mapping ( Figure 7 ) allows such regions to be identified effectively. In the selection of potential candidate compositions of GST for the PCM applications, it is therefore important to consider a number of figures of merit from the primary screen. For both optical based and PCRAM memory applications, the compositional zone delineating regions which co-crystallise Te are clearly delineated, and correspond to compositions which are Te rich with respect to the Sb2Te3-GeTe lie line ( Figure 7 ). The incumbent optical PCM material is Ge2Te2Sb5, and hence sits at this boundary.
Slight deviations in Te composition could therefore significantly influence its performance. There are more Ge rich compositions on the tie line with potentially higher optical contrast, but these are characterised by a larger TC. Te poor compositions can also exhibit large optical contrast with the advantage that they are better separated from materials that can co-crystallise Te, but again the value of TC is higher.
In the case of PCRAM applications, the region of most interest is again delineated by the Sb2Te3-GeTe tie line. The Te poor compositions do not co-crystallise Te, and there is a large compositional space which is characterised by the two GST crystalline phases ( Figure 7 ). There is also a substantial region of these compositions that exhibit low crystallisation temperatures (Figure 2A ). There are, however, a smaller subset of compositions which lie close to the tie line which also exhibit a large dynamic range of resistance change on switching ( The support of the UK's Engineering and Physical Science Research Centre is gratefully acknowledged, through research grant EP/G060363/1 entitled "Manufacturing and Application of Next Generation Chalcogenides". We have no underpinning data that needs archival storage within the content of this work.
SUPPORTING INFORMATION
• Schematic of the HTOMPT apparatus used for monitoring reflectivity changes as a function of temperature and composition.
• Typical diffractograms collected on thin film samples following annealing to 300°C and illustrating the phase assignment used to generate the plots of Figures 7A , B and C in the main manuscript.
• Movie of reflectivity changes as a function of temperature from room temperature to 300°C, both in array view and in a ternary plot.
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Figure 1
The compositional space covered in a single library of the GeSbTe alloy. a) A colour map of the elemental distribution (atomic percentage) of the elements on the substrate. b) Compositions of the library in the ternary space: 144 compositions are measured by EDX on a 12x12 matrix, and subsequently smoothed and interpolated to 529 points in a 23x23 matrix or 14400 points in a 120x120 matrix. The superimposed shaded areas are the regions of compositions covered by Laurenzis et al., 4 and the four dark points are the Ge1Sb4Te7, Ge1Sb2Te4, Ge2Sb2Te5 and Ge4Sb1Te5 compositions. c) The thickness (nm) of the GeSbTe alloy thin film library as a function of composition. Figure 2 a) The optical reflectivity for selected compositions along the Sb2Te3-Ge2Te3 tie-line of an amorphous GeSbTe library measured as a function of temperature using the HOMPT method. b)The increase in reflectivity is associated with the crystallisation of the amorphous phase. c) The first differential of the temperature dependent reflectivity changes. For some compositions, steps in the change in reflectivity are associated with crystallisation though intermediate structures. A comparison between our measurement and the literature of the transition temperature between the amorphous and crystalline phases along the Sb2Te3-GeTe tie-line. this work, [40] , [22] , [23] , [28] , [24] , [2] .
Figure 5
Changes in reflectivity of a GeSbTe alloys as a function of temperature (A.) and associated first differential to determine the temperature of transitions (B.). Ge12.5Sb23Te64.5 showing transitions associated with amorphous to cubic GST (149 °C), amorphous to hexagonal Te (178 °C) and cubic GST to hexagonal GST (224 °C). Heating rate of 5 °C/min. (C.) shows the amorphous to crystalline (cubic), blue points, and crystalline (cubic) to crystalline (hexagonal), red points, phase transition along the valley of minimum crystallisation for the Sb2Te3-Ge2Te3 tie-line (Figure 2A ). Transition temperatures extracted using the differential approach shown in B. Figure 6 The variation of the first crystallisation transition temperature against Te concentration for different ratio of Sb to Ge and for literature values of GeTe binary compositions 14 and 30 .
Figure 7
The ternary compositional map of the phases, or mixture of phases, of a GeSbTe thin film library after annealing sequentially to 150 °C, 200 °C and 300 °C. The ternary map of phases present following deposition at 25 °C showed only the existence of an amorphous phase for the whole compositional range investigated.
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Figure 8
The ternary compositional maps of the Log(Re/ Ωcm), where Re is the electrical resistivity measured using a four point probe, for a GeSbTe thin film library: (A) as-deposited (all amorphous), (B) following annealing to 200 °C, (C) following annealing to 300 °C, and (D) following annealing to 400 °C Data in Log(Ωcm). Note that the data for the Te rich corner for the library annealed to 400 °C is affected by the compositional changes of the thin film in this region at this high temperature.
